Introduction {#Sec1}
============

For a very long time, Weakly Interacting Massive Particles (WIMPs) have been among the best-motivated dark matter (DM) candidates. However, given that there are no observational hints of particle DM and only increasingly strong constraints on WIMP DM \[[@CR1]\], it is natural to question the existence of WIMPs and start considering other options for the production and properties of DM.

A simple alternative to the standard WIMP paradigm is provided by relaxing the usual assumption that DM is a thermal relic, produced by the freeze-out mechanism in the early Universe. Assuming instead that DM particles never entered into thermal equilibrium with the Standard Model (SM) plasma, the present DM abundance may have been produced by the so-called freeze-in mechanism \[[@CR2]--[@CR4]\], where the observed relic abundance results from decays and annihilations of SM particles into DM. Because of the feeble interaction strength that the mechanism requires, this kind of DM candidates are usually called Feebly Interacting Massive Particles (FIMPs).

Another simple way to evade the experimental constraints on DM is to consider non-standard cosmological histories, for example scenarios where the Universe was effectively matter-dominated at an early stage, due for example to slow reheating period after inflation or to a massive metastable particles. As there are no indispensable reasons to assume that the Universe was radiation-dominated prior to Big Bang Nucleosynthesis (BBN)[1](#Fn1){ref-type="fn"} at $\documentclass[12pt]{minimal}
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                \begin{document}$$t\sim 1$$\end{document}$ s, studying what consequences such a non-standard era can have on observational properties of DM is worthwhile. Indeed, production of DM in scenarios with a non-standard expansion phase has recently gained increasing interest, see e.g. Refs. \[[@CR11]--[@CR25]\]. For earlier works, see Refs. \[[@CR26]--[@CR34]\].

In this paper, we will consider production of DM in scenarios where for some period at early times the expansion of the Universe was governed by a fluid component with an effective equation of state $\documentclass[12pt]{minimal}
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                \begin{document}$$p=w\,\rho $$\end{document}$, where *p* is the pressure and $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho $$\end{document}$ the energy density of the fluid, and $\documentclass[12pt]{minimal}
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                \begin{document}$$w\in [-1,1]$$\end{document}$. For generality, we will consider production of DM by both the freeze-out and freeze-in mechanisms. Therefore, we have two goals: shed light on production of DM during a non-standard expansion phase in general, and study in detail the observational and experimental ramifications such a phase can have on the parameter space of a model where the DM consists of real singlet scalar particles *S* coupled to the SM sector via the Higgs portal interaction $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _{\mathrm{HS}} S^2 |H|^2/2$$\end{document}$, where *H* is the SM Higgs doublet and $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _{\mathrm{HS}}$$\end{document}$ a dimensionless coupling constant. We will then contrast our results with the earlier studies on the production of singlet scalar DM in the case of standard radiation-dominated cosmological history \[[@CR35]--[@CR41]\]. We will also consider prospects for detection of such non-standard DM, including collider and direct detection experiments -- where the DM candidate is the usual thermal relic or has a non-thermal origin.

Recent studies in Refs. \[[@CR22], [@CR23]\], have shown that in this simple framework one can both evade the current observational constraints but expect to detect a signal in the near future. However, in order to fully understand the scenario and its observational prospects, a more detailed analysis than what was conducted in Refs. \[[@CR22], [@CR23]\] is needed. In this paper, we therefore conduct a numerical study, considering a broad range of DM masses and sub-leading corrections to the cross-sections and decay rates relevant for the singlet scalar model, as well as taking into account the evolution of the effective number of SM energy density degrees of freedom. In contrast to the earlier studies, which concluded that even in the case where DM was produced by the freeze-in mechanism it may be possible to observe it by the means of direct detection, our results indicate that the parameter space relevant for freeze-in in the singlet scalar model is even in very extreme scenarios out of reach of the future direct detection experiments.

The paper is organized as follows: In Sect. [2](#Sec2){ref-type="sec"} we introduce the cosmological setup and the singlet scalar DM model, discussing various constraints on the parameter space of the model. Then, in Sect. [3](#Sec5){ref-type="sec"}, we conduct our numerical analysis for DM production in different cases, discussing also the effects of non-vanishing DM self-interactions, and contrast our results with the standard radiation-dominated case. Finally, we present our conclusions in Sect. [4](#Sec8){ref-type="sec"}.

The model and constraints {#Sec2}
=========================

Expansion history {#Sec3}
-----------------

We assume that for some period of the early Universe, the total energy density was dominated by a component $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho _\phi $$\end{document}$ with an equation of state parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$w\equiv p_\phi /\rho _\phi $$\end{document}$, with $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\phi $$\end{document}$ the pressure of the dominant component. We assume that this component decays solely into SM radiation with a rate $\documentclass[12pt]{minimal}
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                \begin{document}$$\varGamma _\phi $$\end{document}$ that, in general, is a function of time. Moreover, we assume that the SM plasma maintains internal equilibrium at all times in the early Universe.

In the early Universe the contribution of the DM energy density can be neglected, so the evolution of the energy densities $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho _{\mathrm{R}}$$\end{document}$ are governed by the system of coupled Boltzmann equations$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \begin{aligned} \frac{\mathrm{d}\rho _\phi }{\mathrm{d}t} + 3(1+w)H\rho _\phi =&-\varGamma _\phi \,\rho _\phi , \\ \frac{\mathrm{d}\rho _{\mathrm{R}}}{\mathrm{d}t} + 4H\rho _{\mathrm{R}} =&+\varGamma _\phi \,\rho _\phi , \end{aligned} \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho _{\mathrm{R}}$$\end{document}$ is the SM energy density. The Hubble expansion rate *H* is defined by$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} H^2=\frac{\rho _\phi +\rho _{\mathrm{R}}}{3\,M_P^2}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$M_P$$\end{document}$ is the reduced Planck mass. Under the assumption that the SM plasma maintains internal equilibrium, the time (or scale factor) dependence of its temperature can be obtained from$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \rho _{\mathrm{R}} = \frac{\pi ^2}{30} g_*(T)\, T^4. \end{aligned}$$\end{document}$$Here $\documentclass[12pt]{minimal}
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                \begin{document}$$g_*(T)$$\end{document}$ corresponds to the effective number of SM energy density degrees of freedom, which we evaluate as given in Ref. \[[@CR42]\].
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                \begin{document}$$\varGamma _\phi $$\end{document}$. This describes usual particle decay and approximates well, in some cases, also the decay of a time-evolving background field, such as an inflaton field during a reheating phase \[[@CR43]\]. The SM energy density evolves as a function of the scale factor *a* as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{\rho _{\mathrm{R}}(a)}{\rho _{\mathrm{R}}(a_\text {end})} \simeq {\left\{ \begin{array}{ll} \left( \frac{a}{a_\text {end}}\right) ^{-4} F^{-1} \,, &{}a< a_\text {crit}, \\ \left( \frac{a}{a_{\mathrm {end}}}\right) ^{-\frac{3}{2}(w+1)} \,, &{}a_\text {crit}\le a < a_\text {end}, \\ \left( \frac{a}{a_{\mathrm {end}}}\right) ^{-4} \,, &{}a_\text {end}\le a , \end{array}\right. } \end{aligned}$$\end{document}$$where *F* describes how much the co-moving SM radiation energy density increases by decay of $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} F\equiv \frac{a^4\,\rho _{\mathrm{R}}(a)\big |_{a\gg a_\text {end}}}{a^4\,\rho _{\mathrm{R}}(a)\big |_{a\ll a_\text {crit}}}. \end{aligned}$$\end{document}$$At $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho _\phi $$\end{document}$ starts to dominate the evolution of $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho _\phi $$\end{document}$ dominated phase ends. The scaling of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\rho _{\mathrm{R}}$$\end{document}$ for $\documentclass[12pt]{minimal}
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                \begin{document}$$a_{\mathrm{crit}}<a<a_{\mathrm{end}}$$\end{document}$ follows from the Boltzmann equation for $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \frac{H}{a^3} \frac{\mathrm{d}}{\mathrm{d}a} \left( a^4 \,\rho _{\mathrm{R}}\right) = \varGamma _\phi \,\rho _\phi , \end{aligned}$$\end{document}$$where for $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho _\phi \sim a^{-3(w+1)}$$\end{document}$.

The temperature of the SM plasma at $\documentclass[12pt]{minimal}
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                \begin{document}$$T_{\mathrm{end}} > 4$$\end{document}$ MeV \[[@CR44]--[@CR47]\].Fig. 1The solid yellow lines show the evolution of $\documentclass[12pt]{minimal}
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                \begin{document}$$a_\text {end}\equiv a(T=T_\text {end})$$\end{document}$ denotes the value of the scale factor *a* when the $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho _\phi $$\end{document}$ dominance ends and the usual radiation-dominated phase begins
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                \begin{document}$$\varGamma _\phi $$\end{document}$ is larger than the Hubble rate, we can approximate that $\documentclass[12pt]{minimal}
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In both of the above cases the evolution of $\documentclass[12pt]{minimal}
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Scalar singlet dark matter {#Sec4}
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The total parameter space in our scenario is thus six-dimensional, consisting of three particle physics parameters, $\documentclass[12pt]{minimal}
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The only collider signature of the SM extension under consideration arises from the invisible decay of the Higgs boson *h*. The corresponding branching ratio is constrained by the LHC searches to be $\documentclass[12pt]{minimal}
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A further constraint on the model parameters arises from the direct DM searches. The effective spin-independent cross section for elastic DM-nucleon scattering is given by$$\documentclass[12pt]{minimal}
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Dark matter abundance {#Sec5}
=====================

In this section we discuss the production of DM in the early Universe during a non-standard expansion phase, considering first freeze-out and then freeze-in of DM. The strength of the portal coupling $\documentclass[12pt]{minimal}
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Before discussing DM production mechanisms in more detail, we note that the observed DM abundance cannot be obtained for all expansion histories independently of the DM model parameters, assuming that the decay of $\documentclass[12pt]{minimal}
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Freeze-out {#Sec6}
----------

We begin by studying the case where the DM has reached thermal equilibrium with the SM radiation. The DM abundance is then determined by the freeze-out mechanism and, in the absence of large DM self-interactions, the relevant interaction rate is that of DM annihilate into radiation bath particles, $\documentclass[12pt]{minimal}
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In the usual radiation-dominated case only DM masses close to $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal {O}}(1)\,\mathrm{TeV}$$\end{document}$ are still allowed by observations \[[@CR35]--[@CR41]\]. This can be seen in the upper left panel of Fig. [2](#Fig2){ref-type="fig"}, where the dark blue regions are excluded by direct DM searches (LUX, PandaX-II and Xenon1T), the lighter blue regions show the expected sensitivity of the DARWIN experiment, and the purple regions are excluded by the LHC constraint on the Higgs boson invisible decay. This conclusion changes in the case DM was produced during a non-standard expansion phase. In particular, we see that in the cases shown in the lower panels, large parts of the parameter space become available. In the case shown in the upper right panel, however, the required values of $\documentclass[12pt]{minimal}
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Finally, to conclude the discussion about the DM production via freeze-out, we remark that while in the standard radiation-dominated case the *S* self-coupling $\documentclass[12pt]{minimal}
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Freeze-in {#Sec7}
---------

Next, we turn to the case where the *S* particles interact so feebly with the SM radiation that they never entered into thermal equilibrium with it, and the relevant production mechanism is freeze-in. Assuming that the *S* abundance is always negligible compared to its equilibrium abundance, the Boltzmann equation describing the *S* production from annihilations of the SM particles and the Higgs boson decay is$$\documentclass[12pt]{minimal}
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The contribution of Higgs boson decays is partly included in the on-shell part of the $\documentclass[12pt]{minimal}
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                \begin{document}$$x{\bar{x}}\rightarrow SS$$\end{document}$ annihilation processes (see e.g. Ref. \[[@CR98]\]), and thus subtracted from the decay term in Eq. ([15](#Equ15){ref-type=""}) by multiplying it by$$\documentclass[12pt]{minimal}
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As discussed in the beginning of Sect. [3](#Sec5){ref-type="sec"}, the threshold value above which the DM sector enters into thermal equilibrium with the SM can be found by requiring that the SM particles do not populate the hidden sector so that they would start to annihilate back to the SM in large amounts. As the criterion for this, we require that at all times$$\documentclass[12pt]{minimal}
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                \begin{document}$$M_{\mathrm{S}}$$\end{document}$, the freeze-in picture is not consistent (thermalization with the SM is reached), which introduces a cut-off to the corresponding curves. The black dashed curve in the bottom of each panel shows the result in the standard radiation dominated case. The region above the blue curve is expected to be probed by DARWIN, if all DM is in *S* particles
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                \begin{document}$$Y_{\mathrm{S}} = a^3 n_{\mathrm{S}}$$\end{document}$ allows us to solve Eq. ([15](#Equ15){ref-type=""}). Then, the *S* abundance today is $\documentclass[12pt]{minimal}
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                \begin{document}$$g_x$$\end{document}$ is the number of degrees of freedom for particle species *x*.[6](#Fn6){ref-type="fn"} The Hubble parameter ([2](#Equ2){ref-type=""}) and the radiation bath temperature *T* are again obtained as a function of the scale factor *a* by solving the coupled Boltzmann equations ([1](#Equ1){ref-type=""}).

The results are shown in Fig. [4](#Fig4){ref-type="fig"}. As in the freeze-out case, also here the effects that shift the required value of $\documentclass[12pt]{minimal}
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We find that for the entire mass regime studied in this paper, 1 GeV $\documentclass[12pt]{minimal}
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                \begin{document}$$\le M_{\mathrm{S}}\le 10$$\end{document}$ TeV, the portal coupling which does not thermalize *S* with the SM sector but allows it to constitute all of the observed DM abundance is always below the expected sensitivity of DARWIN (blue line in Fig. [4](#Fig4){ref-type="fig"}). Therefore, we conclude that in the singlet scalar model even very extreme scenarios, where the expansion rate of the Universe exceeds the one in usual radiation-domination by many orders of magnitude, yield no observable consequences for next generation direct detection experiments in our benchmark scenarios where DM was produced by freeze-in.

Finally, we make again a remark on the effect of *S* self-interactions. Also in the freeze-in scenario the effect of $\documentclass[12pt]{minimal}
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                \begin{document}$$SSSS\rightarrow SS$$\end{document}$ self-annihilation can have important consequences on the final DM abundance after the initial yield from the SM sector has shut off. However, as noticed in Refs. \[[@CR22], [@CR72], [@CR78], [@CR80], [@CR95]\], the effect of this process is to generically increase the final DM abundance, which means that in the case where the number-changing self-annihilations play a role, a smaller value of $\documentclass[12pt]{minimal}
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Conclusions {#Sec8}
===========

Despite the large amount of searches over the past decades, DM has not been found. A simple reason for this might be that the cosmological history was non-standard at early times, affecting also DM genesis. In this paper we have considered production of DM in such a scenario, studying both the freeze-out and freeze-in mechanisms in a model where the DM consists of scalar singlet particles.

Assuming that the DM number-changing interactions can be neglected, we showed in three benchmark scenarios that in the case of non-standard expansion history, two effects change the required value of the portal $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _{\mathrm{HS}}$$\end{document}$ for which the observed DM abundance is obtained: the moment when the co-moving DM number density freezes is shifted due to non-standard dependence of the Hubble parameter on the SM radiation temperature and, assuming that the dominant energy density component decayed solely to SM radiation after DM production, the DM energy density becomes effectively diluted. The effect of the former is to increase the required $\documentclass[12pt]{minimal}
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These findings, as well as the detailed changes to the allowed part of the parameter space together with prospects for future observations, are shown in Figs. [2](#Fig2){ref-type="fig"} and [4](#Fig4){ref-type="fig"}. While these conclusions may change in models which go beyond the benchmark scenarios discussed in this paper, the results demonstrate the fact that a non-standard expansion history can change significantly the requirements for producing the observed DM abundance. For example, we find that in the freeze-out case the direct detection constraints in the singlet scalar DM model can be avoided if the early Universe was dominated by a matter-like component for a relatively short period of time before BBN. However, our results show that the parameter space relevant for freeze-in in the singlet scalar model is out of reach of the next generation direct detection experiments even in very extreme scenarios.

In the future, it would be interesting to see what are the detailed consequences of non-standard expansion history also for other models where the hidden DM sector has more structure or where the DM is not coupled to the SM via the Higgs portal but by some other means.

For studies on baryogenesis with a low reheating temperature or during an early matter-dominated phase, see Refs. \[[@CR5]--[@CR9]\] and \[[@CR10]\], respectively.
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                \begin{document}$$\mu _{\mathrm{S}}^2<0$$\end{document}$ the requirement that the electroweak breaking minimum is the global minimum of the potential gives a lower bound on the *S* self-coupling \[[@CR54]\], which at $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _{\mathrm{HS}}$$\end{document}$. This region is, however, not of interest because of the constraint on the Higgs boson invisible decay discussed below.

For recent works related to the sigma terms, see Refs. \[[@CR56]--[@CR62]\].

Notice that, independently on whether the *S* abundance is determined by freeze-out or freeze-in, the energy density in *S* particles is necessarily smaller than that of one relativistic degree of freedom in the radiation bath when its co-moving number density freezes.
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Particles and antiparticles are treated separately here. Thus, for gauge bosons $\documentclass[12pt]{minimal}
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